The metal ion co-ordination sites of many metalloproteins have been characterized by a variety of spectroscopic techniques and small-molecule model systems, revealing many important insights into the structural determinants of metal ion co-ordination. However, our understanding of this fundamentally and practically important phenomenon remains frustratingly simplistic; in many proteins it is essentially impossible to predict metal ion specificity and the effects of remote 'outer-shell' residues on metal ion co-ordination strength are also poorly defined. This is exemplified by our inability to explain why metalloenzymes with identical metal ion co-ordination spheres, such as the closely related orthologues of bacterial PTE (phosphotriesterase) from Agrobacterium radiobacter and Pseudomonas diminuta, display different metal ion specificity and co-ordination strength. In the present study, we present a series of PTE variants that all possess identical metal ion co-ordination spheres, yet display large differences in their metal ion co-ordination strength. Using measurement of the rates of metal ion dissociation from the active site alongside analysis of structural data obtained through X-ray crystallography, we show that 'outer-shell' residues provide essential support for the metal ion ligands, in effect buttressing them in their optimal orientation. Remote mutations appear to modulate metal ion interactions by increasing or decreasing the stabilizing effects of these networks. The present study therefore provides a description of how the greater protein fold can be modified to 'tune' the strength of metal ion co-ordination and metal ion specificity, as well as reinforcing the concept of proteins as ensembles of conformational states with unique structures and biochemical properties.
INTRODUCTION
Metals are an essential constituent of about one-third of all proteins [1] . They can be bound to proteins in a variety of ways, from being part of a cofactor, such as a haem group, to being directly co-ordinated by amino acid side chains. A wide variety of metal ion co-ordination sites have been described in the literature, which differ in both co-ordination number and geometry [2, 3] . In some proteins the metal ions are bound tightly, whereas in others the function requires only a weak interaction. This raises the question of what determines how metal ions interact with proteins. What are the structural determinants for a tight metalion-binding site and how can binding strength be modified to allow the exchange of metal ions that is sometimes required for function?
The nature and location of co-ordinating groups has a major influence on the type of metal ions that can be bound, the strength of the interaction between the protein and metal ions, the kinetic properties of metal ion binding, and the dissociation and the functional properties of the protein. However, the influence of the protein on bound metal ions has been shown to extend beyond the primary co-ordination sphere. For example, the metal ion cofactor requirement for EcoRV was changed from Mg 2+ to Mn 2+ by a single amino acid change in the second co-ordination shell [4] . In the binuclear metallo-phosphodiesterase GpdQ [5, 6] , it has recently been demonstrated that histidine residues in the second co-ordination sphere regulate the binding of metal ions in the β site by influencing the co-ordination environment through a network of hydrogen bonds [7] . Additionally, residue changes removed from the metal-ion-binding sites of troponin-C have been shown to have significant effects on calcium-ion-binding affinities [8, 9] . In the present study we have focused on the metal ion coordination of variants of bacterial metallo-PTEs (phosphotriesterases), including the naturally occurring variants from Agrobacterium radiobacter (arPTE) [10] and Pseudomonas diminuta (pdPTE) [11] , which differ by only 28 out of 341 amino acids and have almost identical structures [rmsd (root-meansquare deviation) of 0.38 Å; 1 Å = 0.1 nm] [12] . The PTEs have attracted considerable attention because of their highly efficient catalysis of the hydrolysis of the pesticide EPO (paraoxon; diethyl 4-nitrophenyl phosphate) [13, 14] , as well as their promiscuous catalytic activity towards other pesticides and structurally related organophosphate chemical warfare nerve agents [10, [15] [16] [17] [18] [19] [20] [21] .
The active sites of the PTEs are comprised of two adjacent metal ions co-ordinated by four conserved histidine residues, an aspartic acid and a carboxylated lysine ( Figure 1 ) [12, 22] . The PTEs natively contain one Zn metal ion and one Fe metal ion in hetero-binuclear active sites [23, 24] , although much of their characterization has been undertaken with active sites either reconstituted with various metal ions in vitro or manipulated in vivo through overexpression in the presence of excess metal ions [12, [24] [25] [26] [27] [28] [29] . The PTEs are active with many divalent transition metal ions, although there are considerable differences in the activities with, and binding and dissociation of, different metal ions. For example, Co 2+ -substituted PTEs are more active than Zn 2+ -substituted PTEs, and it is known that Zn 2+ is more tightly co-ordinated at the active site than Co 2+ [25, 27] . The formation of the metal-co-ordinated active site of pdPTE has been studied previously [27, 30] . The relationship between the carbamate bridge and the metal ions is synergistic; the metal ions need the carbamate functionality to bind in the active site and the carbamate group is stable only if it is bound to the metal ions. The assembly process of the active site was determined to be limited by the formation of the carboxylated lysine residue and the metal ions were found to add in pairs in a highly co-operative fashion [27] .
We have recently characterized an arPTE variant with eight remote mutations (arPTE 8M; G60A, A80V, R118Q, K185R, Q206P, D208G, I260T and G273S) that exhibits an altered conformational distribution, in which a greater proportion of molecules in any population exist in a more 'open' configuration [14] . We were interested in determining what effect this change in the conformational distribution of the enzyme would have on the tightness of metal ion co-ordination and whether it would provide new insights into the effects of remote mutations on innershell metal ion co-ordination spheres. Thus in the present study the metal ion co-ordinating properties and structural variations of pdPTE, arPTE and arPTE 8M, which all have identical inner-shells, were examined. Kinetic studies were performed to determine the rate of metal ion dissociation from the PTEs. The structures of metal-ion-bound forms of the various proteins were analysed and thermal parameters examined for evidence of peptide motion in the higher co-ordination shells that might facilitate metal ion dissociation.
EXPERIMENTAL
The strains, plasmids and chemicals used, the construction of the single-site mutants, the preparation of PTEs and protein crystallization are described in the Supplementary Methods section at http://www.BiochemJ.org/bj/429/bj4290313add.htm.
Metal ion reconstitution of arPTE 8M
pdPTE or arPTE 8M (1 mg/ml) in 20 mM Hepes (pH 7.0) was incubated at 4
• C for 24 h in a solution with 5 mM each of EDTA, 1,10-phenanthroline, 2,6-pyridine dicarboxylate, 8-hydroxyquinoline-5-sulfonic acid and 2-mercaptoethanol. The chelators were removed by passing the mixture through an Econo-Pac 10DG gel-filtration column (Bio-Rad Laboratories) that was equilibrated with Chelex-treated 50 mM Tris/HCl (pH 8.5). The apoenzymes were reconstituted with freshly prepared 1 mM of ZnCl 2 or CoCl 2 in the presence of 50 mM NaHCO 3 and incubated for 48 h at 4
• C.
Specific activity measurements of PTEs
The specific activities of the PTEs were measured in 50 mM Tris/HCl (pH 8. The data for reconstituted arPTE 8M and wild-type pdPTE were fitted to the first-order reaction, eqn (1), using the curvefitting software KaleidaGraph:
where t is reaction time, V is velocity at time t, V 0 is the initial velocity and k is the first-order rate constant.
The activity decay of arPTE 8M prior to metal ion reconstitution consists of two concurrent first-order processes and was fitted to eqn (2) using the curve-fitting software KaleidaGraph:
where t is reaction time, V is the observed velocity at time t, V 01 and V 02 are the initial velocities of the two concurrent first-order processes and k 1 and k 2 are the respective first-order rate constants.
Reactivation of aged protein
Proteins were aged by incubating the enzymes in metal-ion-free buffer at 0 • C and 18
• C for various durations. The activities were determined by measuring the rate of production of 4-nitrophenol from 200 μM EPO at 405 nm (ε 405 = 18 000 M −1 · cm −1 ) on a 96-well microplate UV-visible spectrometer. CoCl 2 (1 mM) was added to the aged enzymes and the amount of activity recovered from the enzymes after 2 min of incubation was determined. The CoCl 2 -supplemented samples were incubated at 4
• C and activities were similarly measured after 24 h to determine the extent of reactivation. No further increase in activity was observed for all of the enzymes upon longer incubation.
X-ray data collection and structural analysis
No new crystallographic structures were collected for the present study; the arPTE 8M crystal structures used in the present study were from X-ray data collected and refined in our previous work (PDB codes 3A3W and 3A3X; Supplementary Table S1 at http://www.BiochemJ.org/bj/429/bj4290313add.htm) [14] . In brief, the crystals were serially transferred into a cryoprotecting solution consisting of 40 % PEG [poly(ethylene glycol)] 3350 and 0.2 M NaNO 3 at 4
• C and stored for 12 h or 72 h. A crystal that was stored for 72 h was subsequently transferred into a cryoprotecting solution of the same composition supplemented with 2 mM EPO-OMe and soaked for 90 min; no soaking with EPO-OMe was performed with the crystals that were stored for 12 h. The crystals were flash-cooled to 100 K in a cryogenic nitrogen gas stream. Diffraction data for the crystals were collected at the Stanford Synchrotron Radiation Laboratory (Menlo Park, CA, U.S.A.) as described previously [24] . Refinement was performed as described previously [14] . Occupancies of metal ions and ligands were adjusted until the B-factors of the metal ions and ligands were comparable with those of the interacting residues. Absolute electron densities at the metal ion sites were determined with COOT [31] .
The PDB codes for the wild-type arPTE and pdPTE structures used are 2D2J [32] and 1HZY [26] . An alternative conformation was added to Ser 203 of the published wild-type arPTE structure based on residual positive density. The average main chain B-factors were calculated with Baverage, as implemented in the CCP4 suite of programs [33] . Rendered images of protein structures were generated with PyMOL (DeLano Scientific; http://www.pymol.org).
RESULTS AND DISCUSSION

Rates of metal ion dissociation in PTE variants
Shim and Raushel [27] have demonstrated and characterized spontaneous metal ion dissociation from the active site of pdPTE. In the present study, we have extended this analysis to the natural arPTE orthologue and an arPTE 8M variant obtained via laboratory evolution [14] . All three enzymes have identical metal ion co-ordination sites, but differ at amino acid positions in the second and third co-ordination shells. As shown in Figure 2 , the rates of decay of the PTE activity at 18
• C, using the enzymes as purified from Co 2+ -supplemented expression medium, differed markedly. The activity of arPTE did not significantly decrease over 400 min, whereas pdPTE and arPTE 8M lost activity rapidly over the same time-course, consistent with our observation that addition of excess exogenous metal ions to the storage buffer was essential to prevent activity in pdPTE and arPTE 8M, but not arPTE. Whereas the rate of activity decay in pdPTE was consistent with a first-order process, the activity decay of arPTE 8M was biphasic and consistent with concomitant first-order loss of two metal ions with different dissociation constants (3.0 × 10 −5 and 3.6 × 10 −4 s −1 ; Table 1 ).
Figure 2 Activity decay at 18 • C of PTEs
Activity decays are shown for wild-type arPTE ( ), pdPTE H254R (᭺), wild-type pdPTE (ᮀ) and arPTE 8M ( ). The specific activities (V ) of the enzymes as a fraction of the initial specific activities (V 0 ) are plotted against time. Despite having identical metal ion co-ordination sites, the rates of activity loss are different between the four PTEs. Wild-type arPTE shows negligible activity loss over approx. 400 min. Wild-type pdPTE and its H254R mutant exhibit first-order activity decay, whereas the loss in activity of arPTE 8M resembles two concurrent first-order processes. The data points are fitted to eqns (1) or (2) and the fitted curves are shown as continuous lines.
To further investigate the metal ion dissociation process, we reconstituted apoenzyme forms of arPTE 8M and pdPTE with either Co 2+ or Zn 2+ . The activity decay processes of Co 2+ -and Zn 2+ -reconstituted arPTE 8M obeyed first-order rate laws, with activity decay of the Zn 2+ form occurring approx. 10-fold slower than the Co 2+ form (Table 1 ). These respective rates are in good agreement with the two rates obtained from the 'as purified' sample, supporting the conclusion that the biphasic decay of this sample is a result of concomitant rapid loss of Co 2+ and slower dissociation of Zn 2+ . The activity decay rate constants of Co 2+ -reconstituted pdPTE and 'as purified' pdPTE were essentially identical, suggesting that Co 2+ was the main metal ion dissociating from the active site in the 'as purified' sample. A slower rate of activity decay was observed from the Zn 2+ -reconstituted pdPTE sample, suggesting tighter association of Zn 2+ to the enzyme than Co 2+ , consistent with previous work [27] . These results are significant in that they demonstrate that the identical metal ion co-ordination sites of arPTE and pdPTE have vastly different coordination strengths for different metal ions, and that mutations remote from these co-ordination sites, as seen in arPTE 8M, can switch the character of these binuclear sites from 'tight' (arPTE) to 'loose' (pdPTE).
Reactivation of aged PTE variants
Having characterized the process of metal ion dissociation from the three PTE variants, we investigated the processes by which their activity could be reconstituted. After pdPTE and arPTE 8M were aged at 0
• C and 18
• C, excess exogenous metal ions were added to the enzymes (Table 2) . When aged at 0
• C for 24 h (giving 1 % residual activity for arPTE 8M and 36 % residual activity for pdPTE), almost 90 % of the initial activity of arPTE 8M could be restored within 2 min of addition of 1 mM CoCl 2 , whereas only 24 % of the initial activity of pdPTE (from 36 % to 60 %) could be restored within 2 min of addition of 1 mM CoCl 2 , although further incubation at 4
• C for 24 h results in a recovery of 86 % of the original activity. In contrast, when the proteins were aged at 18
• C for 3 h (giving 3 % residual activity for arPTE 8M and 6 % residual activity for pdPTE), both enzymes regained only 11 % of their initial activity after 2 min incubation with 1 mM CoCl 2 and further incubation at 4
• C for 24 h resulted in the recovery of 32 % of the original activity of arPTE 8M and 52 % of the original activity of pdPTE.
It is important that we highlight two important results from other groups before we analyse the above results. First, Shim and Raushel [27] have demonstrated the importance of the carboxylation of Lys 169 for formation of the binuclear metal ion centre, showing that loss of the carbamate group decreased the rate of formation of the metal ion centre by several orders of magnitude. Secondly, Roodveldt and Tawfik [35] have shown that the apoenzyme is highly unstable and rapidly undergoes irreversible thermal denaturation. Thus inactivation will proceed through at least three steps: (i) loss of metal ions, (ii) loss of the carbamate group, and (iii) irreversible denaturation. All of these effects are apparent in the present results. For arPTE 8M aged at 0
• C for 24 h, activity can be almost fully restored within 2 min upon incubation with Co 2+ metal ions, suggesting that although sufficient metal ions were lost, to completely inactivate the enzyme, the carbamate group remained intact. This would be consistent with the loss of one metal ion, disrupting activity, while the second metal ion could be retained to stabilize the carbamate group. In contrast, for pdPTE after rapid restoration of 24 % of activity, within 2 min, it took 24 h incubation with 1 mM Co 2+ at 4
• C to restore a further 26 % of its activity (86 % total), consistent with a mixed population in which 24 % of the molecules had retained the carbamate group, allowing rapid reconstitution, and at least 26 % had lost both metal ions and the carbamate group and required longer incubation to reach the functional binuclear state. This suggests that, although the initial loss of one metal ion is more rapid in arPTE 8M, full dissociation of both metal ions is faster in pdPTE. When the enzymes were aged at 18
• C, reactivation to the levels of the enzymes aged at 4
• C was impossible, even after 24 h, suggesting that a significant proportion of the sample had progressed to the third stage of inactivation and undergone irreversible denaturation.
Characterizing the order of metal ion dissociation
The results described above suggest that, unlike its co-operative formation, the binuclear active site of the PTEs decomposes in a stepwise fashion, in which a loosely co-ordinated metal The 2mF o −DF c maps contoured at 5 σ for arPTE 8M crystals collected after 12 h and 72 h of soaking in metal-free cryoprotectant are shown. The occupancy at the β-site is significantly reduced with increasing soaking time. ion dissociates first, followed by the second metal ion and the carbamate group. To investigate this process, we reanalysed the occupancy of active-site metal ions in crystal structures of arPTE 8M that have been published in a previous study (PDB codes 3A3X and 3A3W) [14] . These crystals were stored in cryoprotecting solution in the absence of exogenous metal ions for periods of 12 h and 72 h at 4 • C. In both structures, the occupancies of the α-metal ion and carbamate functionality were essentially 100 %, whereas absolute electron density at the β-site relative to that of the α-site, and thus the assumed occupancy of the β-metal ion, decreased from 90 % in the 12 h structure to 60 % in the 72 h structure ( Figure 3 and Table 3 ). We note that the 72 h structure had been soaked with EPO-OMe (a substrate) for 90 min prior to data collection; to eliminate the possibility that this substrate, or the hydrolysis product diethyl phosphate, acted as a metal ion Loops with markedly increased B-factor in arPTE 8M relative to the wild-type that are of particular interest in the present study are indicated.
chelator, the rate of activity decay was determined in the presence and absence of these compounds. No significant differences in rate of activity decay were observed in these control reactions. These results strongly suggest that the process of metal ion dissociation from the active site of the arPTE 8M is initiated by loss of the metal ion at the 'loose' β-site and that a significant proportion of molecules are stable at 0
• C in a mononuclear form in which the α-metal ion and the carbamate bridge are retained.
Modulation of metal ion co-ordination strength by outer-shell mutations: the importance of conformational fluctuations
Up to this point we have demonstrated that the naturally occurring PTE variants arPTE and pdPTE have vastly different metal ion co-ordination strengths, despite identical active sites, and that this difference can be caused by as few as eight outer-shell mutations. In this section, we examine the structural effects of these outer-shell mutations and how they can modulate the strength of metal ion co-ordination. To do this, we have analysed the isotropic B-factors in crystal structures determined under cryogenic conditions, which reflect the accuracy of the model; in regions that are highly mobile the crystal will be frozen, with these regions adopting a variety of conformations, giving rise to high B-factors. The B-factor plots for wild-type arPTE and the arPTE 8M mutant (with 90 % β-metal ion occupancy) are shown in Figure 4 . There are five distinct regions with increased B-factors, indicative of greater conformational diversity. These regions correspond to five loops on the upper face of PTE, where the active site is located: loop 3, residues 130-135; loop 4, residues 170-190; loop 5, residues 200-210; loop 6, residues 230-245; and loop 7, residues 254-280 ( Figure 5) . In the present analysis we focus on the four mutations located in the surface loops that are seen to have higher B-factors: Q206P/D208G in loop 5 (200-210) and I260T/G273S in loop 7 (254-280). The other mutations (G60A, A80V, R119Q and K185R) are either known to be catalytically silent stabilizing mutations (A80V, R119Q, K185R) [12, 36] or to affect K m by altering the substrate-binding pocket (G60A) [37] , and hence are not thought to affect conformational diversity or metal ion binding.
Remote effects on His 201
The long-range effects of the Q206P and D208G mutations in loop 5 are best illustrated if we first explain how His 201 is stabilized in its co-ordinating conformation. As shown in Figure 6( (Figure 6b ). To test how mutations within loop 5 can affect metal ion dissociation, we created a series of point mutants (Q206P, D208G, S203A, S205A and Q206A) ( Table 4 ) and measured their residual activity after 24 h in metalion-free buffer. All mutants showed greater loss of activity after overnight incubation at 18
• C than the wild-type enzyme, although none showed the same magnitude of loss as seen in arPTE 8M (Table 4) . We note that the alternative conformer of Phe 132 is also commonly observed in pdPTE structures (PDB codes 1QW7, 2OB3, 2OQL and 3CAK) at significant occupancy (unlike in wild-type arPTE), which may partially explain the weaker metal ion co-ordination of pdPTE compared with wild-type arPTE. 
Remote effects on His 230
The observation that loop 5 point mutants showed slower metal ion dissociation rates than arPTE 8M, suggests other mutations also contribute to the increased rate of metal ion loss. As with the long-range effects of D208G and Q206P (Figure 7) . We have shown previously that loop 7 adopts an 'open' conformation in arPTE 8M that is only present at very low occupancy in the wild-type enzyme [14] , most likely due to the I260T and G273S mutations that are located at the 'hinge' region of loop 7 . This more open conformation again provides room for the stabilizing residue (Arg 254 ) to adopt a second conformer in which the cation-π interactions with the metal ion ligand at His 230 will be lost. This is consistent with the B-factors of Arg 254 arPTE 8M being significantly higher than in arPTE (15.7 compared with 11.9 Å 2 ) (Figure 4 (Figure 8a ). However, in arPTE 8M, conformational changes to loop 5 (as a result of Q206P and D208G) and loop 7 (as a result of I260T and G273S) result in lengthening of several of these hydrogen bonds and loss of others (Figure 8b) , ultimately destabilizing loop 6 and the metal ion ligand His 230 .
Remote effects on Asp 301
We have demonstrated that the β-metal ion is the first to dissociate ( Figure 3 ) and that although this process occurs more quickly in arPTE 8M than in pdPTE, dissociation of the α-metal ion, which can still stabilize the carbamate bridge, is likely to occur more quickly in pdPTE, as evidenced by its slower, carboxylationdependent reactivation (Table 2) . Three amino acid residue differences between arPTE and pdPTE in the vicinity of the α-site, particularly around the metal ion ligand Asp 301 , may be responsible for the differences in metal ion co-ordinating strength. In pdPTE, Arg 254 , Tyr 257 and His 300 of arPTE are replaced by His 254 , His 257 and Asn 300 . As shown in Figure 9 , there are more stabilizing hydrogen-bonding interactions around Asp 301 in arPTE than pdPTE, due to the longer side chain of His 300 , the additional
Figure 8 Changes in interaction between loops 5 and 7 in arPTE 8M
(a) The network of hydrogen bonds between loops 5, 6 and 7 in arPTE. These interactions are weakened or lost in arPTE 8M due to conformational changes as a result of the mutations Q206P, I260T and G273S, as illustrated in (b).
-NH group of Arg 254 and the higher polarity of the phenolic -OH of Tyr 257 in arPTE. These differences in interaction suggest that the position of Asp 301 may be less stable in pdPTE than in arPTE thus weakening the co-ordination bond between the carboxylate functionality and the α-metal ion, resulting in faster dissociation of the α-metal ion.
Conclusions
Many studies have established that the nature and strength of metal ion co-ordination in metalloproteins can be modulated by altering the co-ordination number, geometry and ligand types of the first co-ordination sphere [2, 3, 38, 39] . More recently, it has been recognized that second and higher co-ordination shell amino acid residues also play critical roles in defining the metal-ion-binding characteristics and activities of metalloproteins [7, [40] [41] [42] [43] [44] [45] [46] . In the present study we have shown that three homologous PTEs with identical metal ion co-ordination shells have distinct metal ion dissociation rates: the native pdPTE exhibits significantly weaker metal ion interactions than native arPTE. However, eight remote mutations in the arPTE 8M variant can drastically weaken the strength of metal ion co-ordination at the β-metal ion site, making the enzyme resemble pdPTE. These eight mutations, located in outer co-ordination shells, appear to result in a loss of co-ordination strength because they destabilize the β-metal ion ligands in the first co-ordination shell; similar differences are also seen between the native arPTE and pdPTE orthologues. The present study demonstrates that evolution can easily (and drastically) alter and fine-tune the metal ion co-ordination strength of enzymes through subtle modification of interactions remote from the metal ion binding sites. 
SUPPLEMENTARY ONLINE
METHODS
Strains, plasmids and chemicals
arPTE and pdPTE were expressed from expression vectors pETMCSI and pCY76 [1] respectively, carrying the corresponding genes. The plasmid of arPTE 8M was isolated through directed evolution as described previously [2] . The restriction sites were NdeI and EcoRI. Escherichia coli DH5α and BL21(DE3)
RecA− strains were used in the present study. Paraoxon (EPO) and diethyl phosphate were purchased from Chem Service. EPO-OMe (diethyl 4-methoxyphenyl phosphate) was synthesized as described previously [3] . Molecular biology reagents were purchased from New England Biolabs or Roche unless otherwise stated. Other chemicals were procured from Sigma-Aldrich. Plasmid DNA was purified using mini-prep kits (Qiagen). Oligonucleotide primers were synthesized by Geneworks.
Construction of single-site mutants
The mutations of S203A, S205A, Q206A and Q206P for arPTE, and H254R for pdPTE were constructed from the corresponding genes of wild-type arPTE in pETMCSI and pdPTE in pCY76 using the QuikChange ® (Stratagene) protocol. The PCR mixtures consisted of 20 ng of DNA template, 200 μM dNTP, 1 unit of Phusion DNA polymerase (Finnzyme), 0.2 μM mutagenic primers and 10 μl of 5× Phusion reaction buffer, made up to 50 μl with deionized water. The reaction mixture was subjected to an initial denaturation at 98
• C for 1 min, followed by 25 cycles of 98
• C for 10 s, 65
• C for 30 s and 72
• C for 90 s (or 60 s for pCY76). The PCR mixture was digested with DpnI at 37
• C for 3 h and transformed into BL21(DE3)
RecA− cells by electroporation. Plasmids were isolated with miniprep kits and sequenced.
PTE purification
BL21(DE3)
RecA− cells were transformed with wild-type and arPTE 8M-encoding genes in pETMCSI vector and pCY76-pdPTE plasmid by electroporation. Cells were grown on a Luria-Bertani broth agar plate (supplemented with 100 μg/ml ampicillin) at 37
• C overnight. For kinetic assays, a single colony was inoculated into 10 ml of Terrific broth medium supplemented with 1 mM CoCl 2 and 100 μg/ml ampicillin and incubated at 37
• C for 8 h. The culture was then transferred into 400 ml of the same medium and grown at 37
• C for 40 h. Cells were harvested at 6000 g for 20 min at 4
• C and resuspended in 50 ml of 50 mM Hepes (pH 8.0) with 1 mM CoCl 2 . The cells were lysed with a French Press and the lysate was centrifuged at 30 000 g for 40 min Table S1 Data collection and refinement statistics for arPTE 8M structures Results are from [2] . Crystals of arPTE 8M were stored in metal-ion-free cryoprotecting solution for 12 h (PDB code 3A3X) and 72 h (PDB code 3A3W) prior to data collection. Values in parentheses are for the highest-resolution shell. R symm = hkl i |I i (hkl)−<I(hkl)>|/ hkl i I i (hkl) where I(hkl) is the average intensity of I symmetry-related observations of reflections with Miller indices hkl. R work = hkl |F o −F c |/ hkl |F o |; 5 % of the data that were excluded from the refinement were used to calculate R free . Rmsd, root-mean-square deviation. at 4
• C to separate the cell debris. The supernatant was loaded on to a 5 ml HiTrap DEAE FF (GE Healthcare) column and the eluate was collected followed by dialysis against 50 mM Hepes, pH 7.0, overnight. The protein was loaded on to a 5 ml HiTrap SP FF (GE Healthcare) column equilibrated with 50 mM Hepes, pH 7.0, and bound arPTE was eluted using a linear gradient from 0 to 0.5 M. The protein was dialysed against 50 mM Hepes, pH 7.0, containing 1 mM CoCl 2 and 150 mM NaCl.
